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Cell-cell signaling mediated by the receptor Notch is
used widely across the metazoans to determine cell
fate and regulate pattern formation. Notch signals
via a conserved regulated intramembrane proteoly-
sis. Recent analyses of the cell biology of the Notch
receptor have identified several fundamental mech-
anisms that contribute to regulate Notch signaling
activity in space and time.
Proper development of multicellular organisms requires
that cells coordinate their behavior spatially and tem-
porally. Cell-cell communication regulates cell growth,
proliferation, survival, fate, differentiation and morpho-
genesis. Cell-cell signaling mediated by receptors of
the Notch family has been involved in all these
processes in a wide variety of developmental and phys-
iological contexts in organisms ranging from nematode
to man [1]. Not surprisingly, it has also been implicated
in various pathologies in humans [2]. The study of
Notch is also of particular interest to developmental
biologists, as Notch mediates lateral inhibition, a key
patterning process that organizes the regular spacing
of different cell types within tissues [3] (Box 1). Though
Notch is best known for its role in lateral inhibition, it
also regulates other important patterning processes,
such as the formation of boundaries in both space and
time [4,5]. The last few years have witnessed an explo-
sion of new functions for Notch signaling during
embryogenesis and adulthood. I will not attempt to
review the plethora of the Notch-regulated processes.
Instead, I will focus on recent insight into the cell
biology of Notch receptor signaling that have emerged
from the study of several Notch regulators. I will first
describe how Notch signals via the so-called ‘canoni-
cal’ pathway, and then discuss some of the regulatory
mechanisms that ensure tight spatial-temporal control
in the level and/or duration of Notch signaling activity.
As many of the genes involved in these regulatory
mechanisms have been first identified in Drosophila
and Caenorhabditis elegans, this review will primarily
describe the role of these genes in the context of fly
and nematode development.
CSL-Dependent Notch Receptor Signaling
Receptors of the Notch family are cell-surface type I
transmembrane proteins (see Figure 1 for domain com-
position). The Notch ligands, Delta (Dl) and Serrate
(Ser; known as Jagged in vertebrates), are also type I
transmembrane proteins (see [6] for a review). Upon
ligand binding, Notch receptors undergo successive
proteolytic cleavages that lead to the release of the
Notch Intra-Cellular Domain (NICD; Figure 2). NICD is
the active form of the receptor. It acts in the nucleus as
a transcriptional regulator. Thus, Notch receptors can
also be described as membrane-anchored transcrip-
tional co-activators.
Newly synthesized Notch molecules are processed in
the trans-Golgi network by proteases of the Furin family
[7]. This constitutive processing is required for signal-
ing in mammals [7], but appears to be dispensable in
flies [8]. Notch accumulates at the plasma membrane
as a heterodimer consisting of an ectodomain called
Notch Extra-Cellular Domain (NECD) and a membrane-
tethered intracellular domain called NTM (Figure 2).
NECD and NTM interact non-covalently in a Ca2+-
dependent manner [9]. Ligand-induced activation of
Notch renders NTM sensitive to cleavage at the S2 site
by extracellular proteases of the ADAM/TACE/Kuzban-
ian family [10–12]. Ligand-induced activation of the
receptor can be mimicked by Ca2+ depletion [9] or by
deletion of the Lin12/Notch Repeats (LNR) [13]. S2
cleavage releases the ectodomain of Notch and gener-
ates an activated membrane-bound form of Notch
called Notch Extracellular Truncation (NEXT). NEXT is
further processed at two endomembrane sites, S3 
and S4 (Figure 2) [14–16]. These two cleavages are 
catalyzed by the γ-secretase activity of the Presenilin-
Nicastrin-Aph1-Pen2 protein complex [17,18]. Process-
ing of NEXT releases NICD into the interior of the cell,
and a small Nβ peptide extracellularly [15]. The fate and
possible signaling activity of Nβ are unknown. NICD
translocates into the nucleus and assembles into a
ternary complex with the CSL (human CBF1, fly Sup-
pressor of Hairless, worm Lag-1) DNA-binding protein
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Box 1 
Notch signaling mediates both lateral inhibition and
induction.
(A) Lateral inhibition: Notch mediates reciprocal inhibitory sig-
naling between cells that have similar developmental potential. Two
cells are shown here for simplicity. Reciprocal signaling (top: mutual
inhibition) is resolved over time into unidirectional signaling (bottom:
unidirectional inhibition). The singling out of the signaling cell (red)
results from a self-amplifying feed-back loop in which Notch inhibits
the ability of the signal-receiving cell (blue) to produce inhibitory sig-
naling.
(B) Induction: Notch mediates unidirectional signaling between
two cells, x and y, with distinct developmental potentials. The
signal-sending cell (x, in red) activates Notch in the signal-receiving
cell (y, in blue). In response to Notch activation, y becomes z.
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[19] and the Mastermind (Mam)/Lag-3 co-activator [20].
This complex binds specific regulatory DNA sequences
and activates the expression of CSL/Notch target
genes. In the absence of NICD, CSL can recruit repres-
sor complexes to the cis-regulatory region of the
CSL/Notch target genes. Therefore, activation of Notch
triggers a switch from repression to activation (Figure 2)
[19,21,22]. Notably, endogenous NICD has not been
detected in the nucleus of signal-receiving cells. This
has led to the suggestion that NICD acts at a very low
concentration, below immuno-detection threshold [16].
Properties of Signaling via Regulated
Intramembrane Proteolysis
Signaling by bi-functional proteins that, like Notch, inte-
grate ligand binding at the cell surface and transcrip-
tional regulation in the nucleus involves regulated
intramembrane proteolysis (RIP) [23]. Signaling via RIP
is an unusual mode of signal transduction used by a
number of unrelated membrane proteins, such as
SREBP, APP and N-Cadherin [23,24]. This mode of sig-
naling has several interesting features: First, proteolytic
cleavage is irreversible and, as the cleavage physically
dissociates the ligand binding unit from the intracellular
signaling unit, each receptor molecule can only signal
once. Thus, intensity and duration of signaling cannot
be regulated by receptor desensitization. Second, sig-
naling is direct and is not relayed by secondary mes-
senger molecules. This property clearly limits the
possibilities for signal amplification and cross-talk
between different signaling pathways. Third, receptor
processing releases extracellular by-products that may
either have novel signaling activities or act to down-
regulate signaling, for instance via titrating the ligands.
These properties have obvious implications on how
signaling by Notch may be inhibited or buffered in
space and time. The dramatic consequences caused
by the forced expression of NICD indicate that Notch
receptor signaling activity must be tightly regulated; for
instance, expression of an activated version of human
Notch1 in T-cells causes acute lymphoblastoma [25]
and ectopic expression of NICD blocks early neuroge-
nesis in fly and vertebrate embryos [26–28]. Further-
more, whereas the timing and positioning of Notch
activation obviously depends on the presence of its
activating ligands, the pattern of Notch activity is,
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Figure 1. Domain composition of Notch.
The extracellular domain of Notch con-
sists primarily of EGF repeats (light blue),
ranging from 36 in Drosophila Notch and
vertebrate Notch1 to 10 in C. elegans
GLP-1 (see [6] for a review). It also
includes three Lin12/Notch repeats
(LNRs; dark gray). The EGF repeats 11
and 12 (dark blue) are necessary and suf-
ficient for binding Dl and Ser [6]. The EGF
repeats mutated in split (yellow) and Ax
(orange) are indicated. The intracellular
domain includes six ankyrin repeats
(green) and two nuclear localization signals (black dots). The positions of the S1–S4 cleavage sites (arrows), predicted O-fucosylated
sites (o; evolutionarily conserved sites are indicated with asterisks), carboxyl terminus of predicted NotchMcd proteins (gray arrow-
heads) and domains of interaction with selected partners are indicated.
Delta
Serrate Fringe CSL Deltex Dishevelled
Numb
Itch/Su(dx)
•
Kuzbanian
** * * * * * * * * * * *
S1(furin)
S2 (TACE/ADAM) S3+S4 (γ-secretase)
•
Numb
Fringe
Current Biology
Figure 2. A model of CSL-dependent sig-
naling.
Dl at the surface of signaling cell (top)
binds S1 processed Notch at the surface
of the responding cell (bottom). Ligand-
dependent S2 cleavage of Notch gener-
ates NEXT, which is further processed at
the S3 and S4 sites. This releases NICD
(which translocates into the nucleus),
NECD and Nβ. NICD associates with CSL
and Mam, thereby triggering a switch
from repression, mediated by CSL-core-
pressor (coR) complexes, to activation.
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however, not coincident with the broad distribution of
its ligands, again suggestive of regulatory mechanisms
restricting Notch receptor activation.
Extracellular Shedding of Notch Ligands
Dl and Ser are membrane-bound ligands that bind and
activate Notch receptors in trans, i.e., at the surface of
neighboring cells. Nevertheless, biochemical studies
have indicated that Dl can be cleaved to release a
soluble form of Dl, Dl extra-cellular (DlEC), that contains
the Notch binding domain [29–35]. The functional signif-
icance of DlEC is unclear. In worms, expression of
secreted forms of LAG-2 and APX-1, two ligands of the
Notch receptors GLP-1 and LIN-12, rescues the lag-2
mutant phenotype [36], demonstrating that soluble
ligands can signal. By contrast, secreted forms of Dl and
Ser appear to act in a dominant-negative fashion in
Drosophila [37] and cleavage of Dl has been suggested
to be an important step in switching off the Dl signal
[33]. Extracellular shedding of Dl also generates a mem-
brane-bound form that is further processed in a Prese-
nilin-dependent manner [28]. One possible interpretation
is that the Presenilin-dependent cleavage of Dl is part of
a general clearing mechanism [38]. Alternatively, intra-
cellular forms of Dl may regulate novel signaling events,
raising the possibility of bi-directional signaling [31,30].
Determining the functional significance of Dl processing
will certainly be an active area of research.
Regulation of Dl Signaling Activity by Ubiquitination
A critical step for efficient signaling by Dl has recently
been uncovered from the analysis of the Drosophila
neuralized (neur) and zebrafish mind-bomb (mib)
genes, respectively. These two genes, isolated due to
their Notch-like mutant phenotypes, regulate Dl ubiq-
uitination [39–42]. Ubiquitin is a 76-amino acid
polypeptide, which is covalently linked to protein sub-
strates in a multi-step reaction. Ubiquitin-protein
ligases (E3-ligases) recognize specific substrates and
catalyze the transfer of ubiquitin to the protein sub-
strate. Ubiquitin was first identified as a tag for prote-
olytic degradation. More recently, ubiquitin has also
been shown to serve as a signal for endocytosis [43].
Neur and Mib are two evolutionarily conserved and
structurally distinct E3-ligases. Both Xenopus Neur and
zebrafish Mib physically interact with Dl and mediate
Dl ubiquitination [39,40]. Moreover, clonal analysis in
the fly and transplantation studies in the zebrafish have
suggested that Neur and Mib, respectively, act non-
cell-autonomously to up-regulate Dl signaling activity
[40,42,44], suggesting that endocytosis of Dl in the
signal-sending cell promotes Notch activation in the
signal-receiving cell [45]. How ubiquitination of Dl up-
regulates Dl signaling activity is not yet clear and
various hypotheses have been discussed [46]. Inter-
estingly, Neur-dependent ubiquitination of Dl has also
been shown to promote ligand degradation in a
Xenopus injection assay [39]. It is thus possible that
ubiquitination of Dl promotes both its signaling activity
and its degradation. The notion that ubiquitination
plays a dual role was first seen in the regulation of
VP16 activity. Ubiquitination of the transactivation
domain of VP16 up-regulates its activity and promotes
its degradation by the proteasome [47]. Obviously,
linking molecular activation to the degradation of the
activated molecule provides an elegant means of tem-
poral control.
The studies on Neur and Mib predict that the regu-
lated accumulation of Neur (or Mib) should contribute
to specify when and where Dl signals. Consistent with
this prediction, the Drosophila neur gene is specifically
expressed in the signal-sending sensory organ precur-
sor cells (SOPs) during adult peripheral neurogenesis
(Figure 3). Neur and Notch also regulate the binary
pIIa/pIIb fate decision following the asymmetric division
of the SOP. Activation of Notch in the posterior cell is
required for adoption of the pIIa fate. Conversely, inhi-
bition of Notch in the anterior cell is required for the
adoption of the pIIb fate [48]. During mitosis, Neur
localizes asymmetrically at one pole of the SOP and is
unequally segregated into the signal-sending pIIb cell
[44] (Figure 3). Thus, both transcriptional and post-tran-
scriptional mechanisms contribute to restrict Neur
accumulation in signal sending cells in Drosophila.
Regulation of Receptor-Ligand Interaction via
Glycosylation
Notch receptors are glycoproteins that are modified by
the addition of fucose to specific Serine and Threonine
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Figure 3. Two mechanisms regulate Neur accumulation in
signal-sending cells.
First, following singling out from groups of equipotent cells,
selected sensory organ precursors (SOPs) further inhibit non-
selected cells through the SOP-specific expression of the neur
gene (red). Each selected SOP then undergoes a series of
asymmetric cell divisions to produce a sensory bristle. The first
division of the sensory bristle lineage generates the pIIa and
pIIb cells. Neur localizes at one pole of the dividing SOP (red
crescent) and is unequally segregated into the anterior daugh-
ter cell. Neur up-regulates Dl signaling in this anterior cell and
thereby promotes the activation of Notch in the posterior cell
(signaling ON), which therefore adopts the pIIa fate (left) [40]. In
the absence of neur activity, Notch appears to remain inactive
in both daughter cells (signaling OFF), which therefore adopt a
pIIb fate (right).
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residues in their Epidermal Growth Factor (EGF)-like
repeats (Figures 1 and 4). O-fucosylation of Notch is
catalyzed by a GDP-fucose protein O-fucosyltrans-
ferase encoded by the Ofut1 gene. Loss of Ofut1 func-
tion mimicks loss of Notch activity in both flies and
mice [49–51]. Dl and Ser/Jagged also appear to be
synthesized as glycoproteins modified by O-fucosyla-
tion of their EGF-repeats [52]. However, genetic analy-
sis in Drosophila has indicated that Ofut1 functions
cell-autonomously [51], suggesting that Notch is the
key target of Ofut1.
Transfection and RNAi studies in cultured cells have
shown that O-fucosylation of Notch promotes receptor-
ligand interaction [53]. The multiple O-fucosyl glycans
of modified Notch may be involved in low-affinity
binding of lectins, proteins that bind to sugar residues
without further modifying them, suggesting an explana-
tion for the large numbers of predicted O-fucosylated
EGF repeats (up to 23) [50]. As the expression of Ofut1
appears to be developmentally regulated and overex-
pression of Ofut1 blocks Notch receptor signaling, O-
fucosylation may be used as a regulatory mechanism to
control Notch-ligand interaction [50] (Figure 4). Consis-
tent with this hypothesis, a mutation that introduces a
new O-fucosylation site at EGF repeat 14 results in the
ectopic activation of Notch in the photoreceptor R8
precursor cell, suggesting that the pattern of Notch
fucosylation may influence the ability of Notch to
respond to Dl in a cell-specific manner [54] (Figure 4).
Notch is further glycosylated by the β-1,3-N-acetyl-
glucosaminyl (GlcNac) transferase Fringe [55]. Fringe
physically interacts with Notch and modifies O-linked
fucose on specific Notch EGF-repeats, including EGF-
repeat 12 (EGF12), which is involved in ligand binding
[56–59] (Figure 1). Fringe regulates boundary formation
in Drosophila and in vertebrates [60]. For example, in
the Drosophila wing, expression of fringe in dorsal cells
makes these cells more sensitive to Dl, which is
expressed in ventral cells, and less sensitive to Ser,
which is expressed dorsally [61]. Consistent with these
observations, results from binding assays on cultured
cells have indicated that modification of Notch by
Fringe increases the affinity of Notch for Dl and
decreases its affinity for Ser [56,59]. The biological sig-
nificance of EGF12 glycosylation was further examined
by mutating the EGF12 serine residue to which O-
fucose is normally attached [59], such that it cannot be
modified neither by Ofut1 nor Fringe. Functional analy-
sis of this mutant form of Notch indicated that O-fuco-
sylation of EGF12 is important for the Fringe-dependent
down-regulation of Notch-Ser interactions, implying
that EGF12 is a key target of Fringe [59]. By contrast,
the Fringe-dependent up-regulation of Notch-Dl inter-
actions appears to involve other EGF repeats [59].
Together, these studies suggest that Dl and Ser have
lectin-like properties in that they bind glycosylated
Notch with different affinities depending on the extent
and nature of the sugar modifications carried by Notch.
Another model, which is non-exclusive to the previous
one, suggests that Fringe does not modulate the affinity
of ligand-receptor interaction. Instead of modulating the
ability of Dl and Ser to activate Notch in trans (i.e., Notch
receptors on the surface of signal-receiving cells are
activated by ligands on the surface of signal-sending
cells), Fringe would regulate the ability of Dl and Ser to
inhibit Notch in cis (i.e., the ligands act cell-
autonomously in the signal-receiving cells to block
Notch signaling activity). Cis-inhibition has been pro-
posed to result from the formation of receptor-ligand
complexes that are retained in the Golgi, thereby pre-
venting the cell from receiving extracellular signals via
Notch at its surface [62] (Figure 5). Cis-inhibition con-
tributes to wing margin specification in Drosophila
[63,64] and has also been observed in vertebrates [62].
This model proposes that Fringe antagonizes the for-
mation of receptor-ligand complexes in the Golgi and
thereby prevents cis-inhibition of Notch from occurring.
This model is supported by two sets of observations.
First, transfection of increasing levels of mammalian
Lunatic Fringe reduces the amounts of receptor–ligand
complexes in cultured mammalian cells [62]. Second,
many of the O-fucose sites that can be elongated by
Fringe map to the EGF-repeats that are mutated in a
specific class of Notch mutations called Abruptex (Ax)
[58] (Figure 1). Interestingly, Ax mutant receptors
behave as hyperactivable forms of Notch [65] that
appear to be no longer responsive to cis-inhibition by
Dl and Ser [66]. Further in vivo analysis of the trafficking
of Notch and of its ligands, which may also be modified
by Fringe [52], should help test this model.
Regulation of Notch Activity by Endocytosis
Notch signaling activity can also be regulated by
endocytosis. Internalization of active receptors to the
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Figure 4. A model for Ofut1 function.
O-fucose is a modification of serine or
threonine residues found on EGF repeats
containing the amino acid consensus
sequence Cxxx(G/A/S)(T/S)C between the
second and third cysteine of the EGF
repeat [52,58]. According to this consen-
sus, 23 of the 36 repeats of Notch have
potential O-fucosylation sites (adapted
from [50]). It has been proposed that the
actual number of O-fucosylated repeats
depends on the level of Ofut1 activity [50].
Notch may be highly modified in cells with
high levels of Ofut1 activity, whereas a
reduced level of Notch O-fucosylation is predicted in cells with lower levels of Ofut1 activity. A high level of O-fucosylation promotes
Dl binding, hence receptor activation. The mutant Notchsplit receptor has one additional predicted O-fucosylation site at EGF repeat
14. This renders Notchsplit receptor more sensitive to Dl [54], which may be due an increased affinity for Delta.
** * ** * ** * ** **
Low level of
Ofut1 activity
High level
of Ofut1
Ectopic O-fucosylation
on Notchsplit
Low affinity for Delta
High affinity for Delta
Increased affinity for Delta
Current Biology
lysosome, where they are degraded, is a general
mechanism of desensitization. Down-regulation of the
C. elegans Notch family receptor LIN-12 has recently
been shown to be mediated by a conserved dileucine-
based Down-regulation Targeting Signal (DTS) that
may act as a signal for receptor internalization [67].
Endocytosis of Notch is probably a conserved
process, as both intracellular and extracellular Notch
epitopes are also detected in late endosomal com-
partments in Drosophila [68]. The functional signifi-
cance of Notch internalization is, however, not well
understood. The identification of ubiquitin E3 ligases
targeting Notch for endocytosis should help in dis-
secting this process. Two possible candidates are Itch
and Deltex. The E3 ligase Itch contains a C2-type
phospholipid binding motif that possibly targets Itch
to the plasma membrane, four WW-motifs involved in
the interaction with the intracellular domain of Notch,
and a HECT domain with E3 ubiquitin ligase activity. In
mammalian cells, Itch interacts with a form of Notch
similar to NEXT and promotes its ubiquitination [69].
The fly homolog of Itch, Suppressor of deltex (Su(dx)),
was identified genetically as a dominant suppressor of
deltex (dx) and behaves as a negative regulator of
Notch signaling [70], suggesting that Itch down-regu-
lates Notch. The dx gene encodes a RING finger
protein that localizes at the cell cortex, binds to the
intracellular domain of Notch and acts as a positive
regulator of Notch [71–73]. Whether Itch/Su(dx) and
Dx regulate Notch endocytosis, or else regulate the
stability and/or activity of processed Notch remains to
be established.
Receptor endocytosis may also positively regulate
signal transduction. For instance, endocytosis may bring
active receptors to a specific intracellular compartment
where they associate with their signal transduction
machinery. Analysis of the Drosophila shibire (shi) gene,
which encodes a GTPase involved in pinching off endo-
cytic vesicles from the plasma membrane, has revealed
that endocytosis plays a positive role in Notch receptor
signaling. When grown at restrictive temperatures, tem-
perature sensitive shi mutants exhibit a Notch-like phe-
notype. Results from clonal analysis further suggested
that shi activity is required in both the signal-sending
and the signal-receiving cells [74]. The basis for the
requirement of shi-dependent endocytosis in the signal-
receiving cell is not understood. As NICD, but not full-
length Notch, is active in a shi mutant background [74],
one hypothesis is that endocytosis may transfer NEXT
from the plasma membrane to an intracellular compart-
ment, which contains the γ-secretase activity.
Regulation of Notch Signaling by Numb and
Sanpodo
Further evidence for a regulatory role of endocytosis
in Notch signaling has come from the isolation of spe-
cific mutant alleles of the α-adaptin gene [75]. α-
adaptin is one of the four subunits of the endocytic
AP-2 complex. Mutations that specifically delete or
inactivate the function of the ear-domain of Drosophila
α-adaptin result in a bristle phenotype that is associ-
ated with hyperactivation of Notch receptor signaling.
Both loss of α-adaptin function or ectopic expression
of NICD within the sensory bristle lineage results in a
Current Biology
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Figure 5. A model of cis-inhibition of
Notch by Ser.
Direct interaction of Ser with newly syn-
thesized Notch blocks export of Notch to
the cell surface. Ser, therefore, inhibits
the activity of Notch in cis, in the signal-
receiving cell (bottom). Elongation of
some (or all) O-fucoslyated EGF repeats
of Notch by Fringe may reduce the inter-
action in cis between Ser and Notch and
may thereby antagonize cis-inhibition.
This effect of Fringe may also be mimic-
ked by Ax mutations.
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pIIb-to-pIIa cell fate transformation. Such a transfor-
mation is also seen in numb mutant sensory cells, as
Numb acts as a cell-fate determinant during the asym-
metric SOP division. Numb is unequally segregated
into the anterior daughter cell and specifies it as a pIIb
cell by inhibiting Notch [76,77]. Numb colocalizes with
endocytic vesicles in cultured mammalian cells and
was shown to directly bind both the intracellular
domain of Notch as well as the ear domain of α-
adaptin [75,78]. These observations have led to a
model according to which Numb acts as an adaptor
between α-adaptin and its Notch cargo and thus pro-
motes the down-regulation of Notch by endocytosis
[75] (Figure 6A). However, direct evidence for Numb-
mediated endocytosis of Notch is still missing.
A recent analysis of the Drosophila sanpodo (spdo)
gene has suggested an alternative model for how
Numb may act [79] (Figure 6A). Spdo is a predicted
four-pass transmembrane protein required for Notch
signaling. Genetic analysis indicates that Spdo acts
downstream of Dl and full-length Notch, but upstream
of NICD. In the embryo, Spdo accumulates in the MP2
neuroblast, which divides asymmetrically to generate
two neurons, vMP2 and dMP2 (Figure 6B). Numb and
Notch act in a very similar manner during the
vMP2/dMP2 and pIIa/pIIb decisions, with Numb being
specifically segregated into dMP2 and pIIb and Notch
being activated in vMP2 and pIIa [80,81] (Figure 6B).
Strikingly, Spdo localizes to the cortex in vMP and is
required for Notch signaling in this cell, whereas in
dMP2, it appears to accumulate in a numb-dependent
manner in intracellular vesicles [79]. These observa-
tions have suggested a model in which Spdo positively
regulates Notch signaling at the plasma membrane
(but only in the context of Numb-regulated fate deci-
sions) and Numb inhibits Notch by triggering the endo-
cytosis of Spdo [79] (Figure 6A).
Selective Nuclear Response to Notch Activation
Signaling by Notch receptors is used in a variety of
developmental decisions resulting in different outputs,
depending upon the cellular context. Thus, different
Notch/CSL targets are expressed in different cells upon
ligand stimulation [82]. This indicates that transcrip-
tional responses to Notch activation are highly regulat-
able and suggests that the selective response of the
genome to Notch activation may constitute a major reg-
ulatory step in Notch receptor signaling.
The molecular basis underlying output specificity is
not well understood. Following S3 cleavage, NICD
translocates to the nucleus and participates in the for-
mation of DNA-bound transcriptional complexes con-
taining the DNA binding protein CSL (Figure 2). It is
not known whether NICD competes with repressor
complexes for binding to DNA-bound CSL or whether
Mam–NICD–CSL complexes compete with CSL–co-
repressor complexes for DNA binding. As CSL recruits
different co-repressor complexes [19,21,83–85], there
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Figure 6. Two models for Numb function.
(A) In model 1, Numb down-regulates Notch receptor signaling by clearing Notch from the surface of the signal-receiving cell. Numb
would act as an adaptor molecule between full-length Notch and/or NEXT and the α-adaptin subunit of the AP-2 complex. Alterna-
tively, Numb may target Spdo for endocytosis (Model 2). Spdo is a positive regulator of Notch that is specifically required for Notch
receptor activation in Numb-mediated cell fate decisions. This model predicts that Spdo is active for Notch receptor signaling when
localized at the cortex. These two models are not mutually exclusive.
(B) The MP2 neuroblast divides asymmetrically to generate two post-mitotic neurons, dMP2 and vMP2, in the developing CNS of wild-
type Drosophila embryos (left). Numb (red) is unequally segregated into the future dMP2 neuron and inhibits Notch in this cell. Con-
versely, Notch is activated in the vMP2 neuron and Spdo is required for Notch activity in this cell. Spdo is detected in both cells.
However, it is cortical in vMP2 and cytoplasmic in dMP2. Numb binds to Spdo and appears to regulate the internalization of Spdo,
thereby inactivating Spdo. In the absence of Spdo (center), Notch receptor signaling is off in both cells, which therefore adopt the
dMP2 fate. Conversely, in the absence of Numb (right), Spdo remains at the cortex and Notch receptor signaling is on in both cells
which hence become vMP2.
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may be several different mechanisms. Moreover,
chromatin structure and/or co-factor availability may
also regulate this switch. Rapid progress can be
expected in this area of research as the repertoire of
Notch/CSL targets will be unraveled by combining in
silico identification of CSL target genes [86] and tran-
scriptome analysis.
Switching the Signal off by Regulated Degradation
Another important aspect in the regulation of NICD
activity is its down-regulation via the ubiquitin–protea-
some pathway. First insight into this regulatory
process came from the identification of sel-10 as a
negative regulator of the Notch family receptor LIN-12
in C. elegans [87]. Sel-10 is a Cdc4-related protein con-
taining an F-box and seven WD repeats. By analogy
with Cdc4p, Sel-10 has been proposed to recruit a
multi-protein SCF complex that has a ubiquitin ligase
E3 activity. Functional analysis of mammalian Sel-10
strongly supports this model. Indeed, Sel-10 binds
NICD via its WD repeats and, together with three other
components of an SCF complex, mediates NICD ubiq-
uitination and degradation by the proteasome [88–90].
Whereas the function of the fly homolog of sel-10 is not
yet known, analysis of dominant-negative mutations in
two proteasome subunits supports the notion that,
also in Drosophila, NICD is subject to proteasome-
mediated degradation [91]. Rapid degradation of NICD
in the nucleus might explain why it has not been pos-
sible to detect endogenous NICD in the nucleus [16].
Whether negative regulation by Sel-10 is constitutive
and simply required to attenuate the activity of NICD,
or is itself subject to developmental regulation remains
to be investigated.
Signaling Cross-talk
A fundamental property of signaling by RIP is that the
same molecule integrates the functions of signal recep-
tion at the cell surface and of gene regulation in the
nucleus. This property is predicted to reduce the possi-
bilities of regulatory cross-talks between the Notch
pathway and other signal transduction pathways in the
cytoplasm. The various stimuli received by a cell at a
given time may, therefore, predominantly be integrated
at the level of CSL-regulated genes or at the level of the
proteins encoded by these target genes. I will not con-
sider these two levels of signal integration further and
will, instead, present a few examples of cross-regulatory
interactions that occur upstream of Notch/CSL targets.
First, signal integration may take place at the level of
Dl expression. A recent analysis of the role of EGFR sig-
naling in photoreceptor differentiation in Drosophila has
revealed that activation of the EGFR relieves repression
of Dl gene expression by a complex formed by Su(H)
and the co-repressor SMRTER [92]. This de-repression
requires Strawberry notch (Sno) and Ebi, a F-box
/WD40-domain containing protein, both of which phys-
ically interact with the Su(H)-SMRTER complex. Thus,
activation of the EGFR causes Ebi to target a yet
unknown component of the Su(H)-SMRTER repression
complex for proteasome-mediated degradation [92].
Second, different signals may be integrated at the
level of Notch endocytosis. In C. elegans, the Notch
family receptor LIN-12 is down-regulated in one of the
six vulval precursor cells, P6.p, upon Ras signaling
[67]. Ras appears to indirectly promote degradation of
internalized LIN-12 in the P6.p cell by regulating the
expression of yet unknown genes that shift the balance
between recycling LIN-12 to the cell surface and tar-
geting LIN-12 toward degradation [67].
Third, the stability of NICD has recently been sug-
gested to be regulated by phosphorylation. GSK3β has
been shown to phosphorylate NICD in vitro and inhibi-
tion of GSK3β decreased the stability of NICD and
reduced Notch receptor signaling [93]. Thus, GSK3β-
mediated phosphorylation appears to stabilize NICD
and potentiate its activity.
Finally, cross-regulation by other signaling pathways
may target Notch regulators. For instance, mouse
Numb has been shown to be down-regulated by two E3
ubiquitin ligases, Sina and LNX [94,95], thus raising the
possibility that Numb stability may be signal-regulated.
Whereas our understanding of signal integration
between Notch and other signal transduction pathways
is still very preliminary, many of the regulatory steps
discussed in this review may be subject to cross-regu-
latory interactions. Further insights into cross-talk
between Notch and other signaling pathways will cer-
tainly arise from global proteomic and functional
genomic approaches that are currently under way.
CSL-Independent Signaling
So far, I have only discussed the canonical CSL-depen-
dent pathway in which the key active signaling mole-
cule is NICD and the output is transcription. However,
studies in both invertebrate and vertebrate species
have also pointed toward CSL-independent signaling
activities (see [96] for review). One of the best-docu-
mented case of CSL-independent signaling has come
from the identification of novel Notch alleles, called
NotchMcd [97]. These alleles cause a dominant loss of
SOPs. This phenotype is opposite to the Notch or Su(H)
loss of function phenotype. However, these mutant
alleles are not simple gain-of-function alleles. Indeed,
NotchMcd;Su(H) double mutant cells appear to develop
as NotchMcd cells, implying that mutant NotchMcd pro-
teins possess a novel activity that does not depend on
Su(H). This suggests that NotchMcd receptors signal in
a CSL-independent manner. Strikingly, six of the seven
NotchMcd alleles encode carboxy-terminally truncated
receptors. Notably, this region binds Dishevelled (Dsh),
a membrane-associated protein required for Wnt sig-
naling [97] (Figure 1). While the pathway activated by
these truncated receptors is not well understood, mol-
ecular and genetic interaction data have suggested that
mutant NotchMcd proteins escape inhibition by Dsh.
Thus, these data raise the possibility that wild-type
Notch receptors can signal in a CSL-independent, but
Dsh-regulated manner.
A possible function for this novel branch of the
Notch pathway is the regulation of actin dynamics
during dorsal closure in the embryo. Dorsal closure is
a complex morphogenetic process that involves sig-
naling by Notch, Dsh and Jun N-terminal Kinase (JNK)
[98–100]. Consistent with a CSL-independent function
of Notch in this process, expression of truncated 
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constructs has indicated that Notch acts in a CSL-
independent manner to modulate JNK signaling activ-
ity in the dorsal-most cells of the epidermis [99].
Whether NotchMcd proteins influence this process
remains to be investigated.
Conclusions and Perspectives
In this review, I have highlighted the importance of
keeping Notch activity under tight control and I have
emphasized the diversity of the mechanisms that,
despite the apparent simplicity and directness inherent
in signaling via RIP, are involved in the regulation of
Notch activity. Strikingly, one of the most critical steps
in Notch receptor signaling, the S3 cleavage of NEXT,
is apparently not subject to regulation. While there is
yet no evidence that the γ-secretase activity is subject
to developmental regulation, recent studies indicate
that the γ-secretase complex is assembled and acti-
vated in a stepwise manner, opening the way for pos-
sible regulation [101]. Finally, the study of Notch
regulation has potential implications for our under-
standing of other important physiological processes
that depend on RIP signaling. This can be illustrated by
the binding of the Notch inhibitor Numb to the intracel-
lular domain of APP [102]. Future analysis of the cell
biology of Notch receptor signaling may therefore shed
light on fundamental cellular regulatory processes.
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